ABSTRACT: Four ruminally cannulated cows were used to assess the distribution of the concentrations and carbohydrate-degrading enzyme activities of the liquid-associated protozoa (LAP) and solid-associated bacteria (SAB) in the rumen. The cows were fed diets ( 7 kg of DM/d) of 100% hay (Diet F ) or 60% barley plus 40% hay (Diet C ) in a 2 × 2 crossover experimental design. Samples of ruminal digesta were collected successively from the dorsal (DS), ventral (VS), and anterior (AS) sacs 1 h before and 3 h after the morning feeding on two sampling days with a 2-d interval. Irrespective of diet and sampling time, the greatest proportion of entodiniomorphs, representing the main population of protozoa, was found in the DS (40% mean; P < .05). Low pH values observed in the DS ( P < .05) indicated higher fermentative activity in this site than in the other parts of the rumen. Protozoa may contribute more than previously thought to the high digestive potential present at the top of the rumen that has classically been attributed to bacteria. The specific activity of plant cell wall polysaccharide-degrading enzymes in the LAP was correspondingly greater ( P < .05) for DS than for VS or AS. For the two diets and sampling times, specific activity of fibrolytic enzymes in the SAB tended to be less in the upper than in the lower parts of the rumen, and less in the VS than in the AS. This tendency became significant ( P < .05) for total fibrolytic enzyme activity. Differences in bacterial colonization of particles among the three sampling sites may explain such differences in fibrolytic activity of the SAB. Data suggest a spatio-temporal complementary action of the bacteria and protozoa in ruminal plant cell wall degradation, at least with the barley diet, for which the number of protozoa was highest.
Introduction
The reticulorumen slows the passage of fibrous feed materials through the gut, and they are exposed for an extended period of time to the fibrolytic activities of microorganisms. Particle size is the key determinant of particle passage; therefore, breakdown of large particles should play a major role in control of particle passage. The physical breakdown of fibrous feed results primarily from mastication and rumination. Microbial fermentation makes a substantial contribution to particle breakdown by increasing fragility of fibrous particles, thus improving efficiency of breakdown during rumination (Lechner-Doll et al., 1991) . Particles are not evenly distributed in the reticulorumen in cattle with respect to their size. More particles of large size and low density are found in the dorsal sac, whereas small, dense particles are present in the ventral rumen. The nature of the diet, as does time after feeding, affects the repartition of feed particles within the reticulorumen (Evans et al., 1973) . The bacterial concentration in the ruminal contents, estimated by colony counts, was highest in the dorsal sac of the rumen (Munch-Peterson and Boundy, 1963; Bryant and Robinson, 1968) . Concerning protozoa, which are mainly associated with the liquid phase of ruminal contents, most studies have been carried out on the behavior of holotrichs in the different parts of the reticulorumen (Abe et al., 1981; Murphy et al., 1985; Dehority and Tirabasso, 1989) . Little information is available on the topographic distribution in the rumen of entodiniomorphs, which nevertheless form the main ciliate population. The objective of the present study was to determine the distribution of the concentration and carbohydrate-degrading enzyme activities of protozoa and bacteria within the rumen as affected by sampling time and diet in order to improve knowledge concerning the interaction between particle size and microbial digestion.
Materials and Methods
Four adult nonlactating Jersey cows (average BW 528 ± 57 kg), fitted with permanent ruminal cannulas made of polyamide and polyvinyl chloride (Synthesia, Nogent sur Marne, France), were used as donor animals for ruminal digesta in this experiment. Surgery was performed in a sterile environment under general anesthesia (isofluorane; ICIU Pharmavétérinaire, Paris, France) and under the responsibility of a licensed veterinarian with specialized training in large animal surgery. Cows received antibiotic treatments for 4 d after surgery. Cows were housed in individual metabolism cages in an air-conditioned and continuously lit room, with free access to water and mineralized salt blocks ( 38% N, .9% Zn, .075% Mn, .15 Cu, .009% I, and .0003% Co). Animals received two diets in a 2 × 2 crossover experimental design. A forage diet ( Diet F) consisted of 93% long-stemmed cocksfoot hay and 7% wheat straw (DM basis), and a concentrate diet ( Diet C) was composed of 60% pelleted ground barley, 33% hay, and 7% wheat straw. Wheat straw was used to maintain sufficient rumination and to prevent acidosis, which can appear with a high-barley diet. The chemical composition of the experimental feeds and diets, determined according to AOAC (1990) procedures, is given in Table 1 . Feed availability was restricted (80% of ad libitum intake) to 7 kg of DM per day to ensure that the diet was ingested quickly and without orts. The animals received their ration in two equal portions at 0800 and 2000. Six-week adaptation periods were allowed for each diet, followed by 2-wk measurement periods.
Samples of ruminal digesta were taken manually from three sampling sites in the rumen via the cannula in capped plastic containers to minimize oxygen contact. Samples ( 1 kg) were collected successively from the dorsal ( DS) , ventral ( VS) , and anterior ( AS) sac of the rumen. The order of sampling was respected to avoid contamination with ruminal contents from other locations. For each animal, the samples were collected 1 h before and 3 h after the morning feeding on two sampling days with a 2-d interval to avoid any disturbance of ruminal function. Collection of ruminal contents was duplicated for each animal for two consecutive weeks. A single person collected all samples to make sure they were systematically taken in the same way and from the same area.
A portion (50 g ) of ruminal contents was immediately strained through a 100-mm nylon filter, and ruminal fluid was maintained under magnetic stirring for measurement of pH with a digital pH-meter (CG840, Ag/AgCl electrode, Schott Gerä te, Hofheim, Germany). For protozoa counting, 5 mL of ruminal fluid was preserved at 4°C with 5 mL of solution made of 50% glycerol, 48% distilled water, and 2% formaldehyde. Protozoa were counted using a Dolfuss cell (Elvetec Services, Clermont-Ferrand, France) according to procedures described by Jouany and Senaud (1982) . They were further categorized as either entodiniomorphid or isotrichid holotrich ciliates by skeletal plate-staining with Lugol solution.
The second portion of ruminal contents was rapidly transported to the laboratory for isolation of microbial populations and enzyme extraction under anaerobic conditions. Samples were strained through a 100-mm nylon filter to separate a liquid phase ( LP) and a solid phase ( SP) . The liquid-associated protozoa ( LAP) were isolated according to the method detailed by Martin et al. (1994) . After dilution of 600 mL of LP with prewarmed (39°C ) salt solution (Coleman, 1978) and incubation for 30 to 60 min, the layer of flocculent feed particles was removed by suction. The protozoal pellet was recovered by centrifugation of the clarified fluid (1,000 × g, 10 min, room temperature) and washed on a 20-mm nylon filter with Coleman buffer ( 1 L at 39°C ) to minimize contamination by bacteria and plant residues. The protozoal population was then suspended in 25 mL of anaerobic buffer (.025 mol/L 2-(N-morpholino)ethane-sulphonic acid [MES], pH 6.5, 4°C ) containing 1 mmol/L DL-dithiothreitol ( DDT) and stored at −80°C. Samples of SP (70 g ) were washed with 350 mL of salt solution prewarmed at 39°C to remove the nonadherent microbial population, and then they were recovered by filtration (100 mm). A sample ( 5 g ) of washed digesta containing solid-associated bacteria ( SAB) was chopped and suspended in 25 mL of anaerobic MES buffer (.025 mol/L, pH 6.5, 4°C) containing DDT ( 1 mmol/L) and stored at −80°C. The remainder of the washed digesta was used for DM content determination (48 h to 80°C). The microbial cells isolated (LAP and SAB) were then broken up by defrosting and ultrasonic disintegration (MSE Soniprep 150 disintegrator, MSE Instruments, Crawley, U.K.) to release intracellular enzymes. The sonication consisted of four 30-s periods of sonication with 30-s intervals at 4°C under anaerobic conditions. Unbroken cell material was removed by centrifugation (15,000 × g, 15 min, 4°C), and the supernatant material was used to estimate polysaccharide depolymerase and glycoside hydrolase activities in the LAP and SAB. Enzyme preparations were stored under a CO 2 headspace in capped tubes at −80°C before assay.
Polysaccharidase activities were determined by measuring the amount of reducing sugars released from purified substrates (Birchwood-xylan, Sigma X-0502; potato starch, Sigma S-2004, Sigma-Aldrich chimie, Saint Quentin Fallavier, France; Avicel cellulose microcristalline, Merk K16746030, Merk, Darmstadt, Germany) after incubation of substrate with the enzyme preparation at 39°C for 60 min. Xylan, starch ( 2 mg/mL), and Avicel (10 mg/mL) were prepared in MES buffer (.025 M, pH 6.5). Incubation mixtures consisted of .1 mL of enzyme preparation with 1.0 mL of substrate (xylan and starch assays) or .5 mL of enzyme preparation with 1.5 mL of substrate (Avicel assay). The reaction was stopped by denaturating enzyme proteins (heating at 100°C for 5 min). Reducing sugars were quantified spectrophotometrically at 410 nm (Lever, 1977) .
Glycosidase activities were determined by measuring the amount of p-nitrophenol released from the appropriate p-nitrophenyl glycoside (Sigma-Aldrich
.025 M, pH 6.5) after incubation of 1.0 mL of substrate with .1 mL of enzyme preparation at 39°C for 15 to 60 min. The reaction was stopped by addition of 1.1 mL of glycine-NaOH solution (.4 mol glycine/L, pH 10.8). Para-nitrophenol was quantified spectrophotometrically at 420 nm. Enzyme and substrate controls were also performed simultaneously by replacing substrate and enzymes by MES buffer, respectively. The protein content of the enzyme preparations was determined according to Pierce and Suelter (1977) using BSA as a standard. Enzyme activities were expressed as the quantity of reducing sugar (for polysaccharidases) or p-nitrophenol (for glycosidases) released per milligram of protein per hour for specific activity, and per liter of ruminal liquid per hour (LAP) or gram of DM solid phase per hour (SAB) for total activity.
Data were analyzed using the GLM procedure of SAS (1988) . Factors included in the analysis were period, cow, sampling day as a block, and diet, sampling time, and sampling site as treatments. The effects of diet, sampling time, and diet × sampling time were, respectively, tested using diet × cow × period interaction, sampling time × sampling day(period) interaction, and the diet × cow × sampling time × day(period) interaction. The sampling site effect (DS, VS, and AS) and all interactions with diet and sampling time factors were tested against the residual error of the model. The sums of squares were further partitioned with orthogonal contrasts to compare the DS with the lower parts of the rumen and to compare the VS with the AS. Differences were tested using the PDIFF option of SAS (1988) and declared significant at P < .1.
Results and Discussion
Ruminal pH. Irrespective of diet and sampling time, pH values were lower ( P < .05) in the upper part of the rumen (DS) than in the lower parts (VS and AS) ( Table 2 ). The low pH in the DS has previously been observed (Lampila and Poutianen, 1966; Yang and Varga, 1989) and was related to higher VFA concentrations in the dorsal region than in the other regions of the rumen. Differences in ruminal pH between the VS and AS were also observed in our study. The highest ruminal pH occurred in digesta taken from the AS ( P < .05). This difference in ruminal pH between the two low parts of the rumen was more marked after feeding ( P < .05) and for Diet C (difference of .2 pH unit; P < .05). Yang and Varga (1989) also reported a higher pH in the AS than in the VS (difference of .1 pH unit) in dairy cows fed a diet containing 55% corn silage and 45% concentrate. The contribution of saliva (pH 8.4) may influence pH values in the AS because of the proximity of the esophageal orifice. This buffering effect of saliva is especially evident after ingestion of Diet C, for which ruminal pH was lower than for F Diet.
Liquid-Associated Protozoa Numbers. The holotrich concentration was lower ( P < .1) in the DS than in the other parts of the rumen for both diets and was comparable between the VS and AS (Table 2) . This difference in holotrich numbers between the high and low parts of the rumen was not observed for the two sampling times (sampling site × sampling time interaction: P < .05). Only 16% of the holotrichs (average for the two diets) was found in the DS 1 h before feeding, whereas the holotrich proportion (33%) was similar among the three rumen sampling Table 2 . Effect of rumen sampling site a on ruminal pH and numbers of protozoa a DS = dorsal sac; VS = ventral sac; AS = anterior sac. b Effect: SS and ss = sampling site ( P < .05 and .1, respectively); T and t = sampling time ( P < .05 and .1, respectively); D and d = diet ( P < .05 and .1, respectively); SS.T = sampling site × sampling time interaction ( P < .05). sites 3 h after feeding. This observation confirms numerous data in the literature on the phenomenon of migration-sequestration of holotrichs, which depends on arrival of feed and soluble components in the rumen. At feeding time, the holotrichs may migrate to the high parts of the rumen. This may be primarily explained by a chemotaxis to major soluble sugars released in the liquid phase immediately after feed ingestion (Murphy et al., 1985; Dehority and Tirabasso, 1989) . The contractions of the reticulorumen may also cause the holotrichs to move to the high parts of the rumen. After feeding, the holotrichs filled with stored substances may settle to the bottom of the ventral rumen and be sequestered in the reticulum wall (Abe et al., 1981; Abe and Iriki, 1989) . Numbers of entodiniomorph protozoa increased with Diet C compared with Diet F ( P < .05; Table 2 ), as reported in the review of Dehority and Orpin (1997) . In addition, the concentration in entodiniomorphs varied largely among the three sampling sites ( P <.05), but as opposed to holotrichs, this distribution was independent of the arrival of feed in the rumen (sampling site × sampling time: P > .1). The greatest proportion of entodiniomorphs was found in the DS (40% on average) compared with the bottom of the reticulorumen, where entodiniomorph concentration was similar between the VS and AS (30% on average). Curiously, limited information is available on the location in the rumen of entodiniomorphs even though they represent the main population of ciliates. Yang and Varga (1989) also observed an accumulation (50%) of entodiniomorphs in the DS of the rumen. A more rigid cell structure and lower motility of entodiniomorphs compared with holotrichs may explain sequestration of entodiniomorphs within the fibrous dorsal pad during ruminal contractions. In addition, entodiniomorphs are weakly sensitive to the low acidity measured at the top of the rumen. This could also explain why distribution of entodiniomorphs within the rumen did not vary with modifications of the ruminal physicochemical conditions induced by feed ingestion. Protozoa may therefore contribute to the great digestive potential observed at the top of the rumen classically attributed to bacteria (Munch-Peterson and Boundy, 1963; Bryant and Robinson, 1968) . The generation time of protozoa is longer than the average ruminal residence time of digesta (Leng, 1989) ; thus, sequestration of protozoa in the rumen may be essential for their survival in this organ. This observation also confirms the small contribution of protozoa to the flow of microbial protein to the duodenum (Leng, 1989) .
Carbohydrate-Degrading Enzymes Activities in Liquid-Associated Protozoa and Solid-Associated Bacteria.
Activities (specific or total) of enzymes involved in starch degradation (amylase and a-D-glucosidase) in the LAP (Tables 3 and 4 ) and in the SAB (Tables 5  and 6 ) were much higher for Diet C than for Diet F. These microbial amylolytic activities increased after feed intake for Diet C, but they were comparable 1 h before and 3 h after feeding for Diet F. Such variations in microbial starch-degrading enzyme activities with time after ingesting a mixed diet have been previously observed (Martin et al., 1993) . Because bacterial amylases are inductible enzymes (Cotta, 1988; Kotarski et al., 1992) , barley supplementation of forage diets may favor the development of amylolytic microorganisms (Dehority and Orpin, 1997) and their activities (Nozière and Michalet-Doreau, 1997 ). In addition, amylase activities (specific or total) in the two microbial populations were not affected by sampling site ( P > .1), suggesting a nonspecific distribution of amylase enzymes among the ruminal microorganisms. Specific activities of all the fibrolytic enzymes studied (xylanase, Avicelase, a-L-arabinofuranosidase, b-D-glucosidase, and b-D-xylosidase) in the LAP were greater (mean, 40%; Table 3 ) in the upper than in the lower parts of the rumen ( P < .05), and were comparable between the VS and the AS ( P > .1). These results are in agreement with the repartitioning of protozoa numbers among the different areas of the rumen. However, total fibrolytic enzyme activities in the LAP, expressed per liter of liquid phase of ruminal contents, did not differ among sampling sites (Table  4) . This discrepancy between the specific and total activity may be due to methodology problems. The method used to isolate protozoa from the liquid phase involved many steps, including flocculation of feed particles eliminated by suction. This flocculation step seems to be essential for preparation of uncontaminated protozoal fractions (Martin et al., 1994) and, thus, to reliably measure their specific enzyme activities. A variable part of the protozoa population may be removed during this stage. Because of large feed particles contained in the DS, the flocculation step was more difficult. So, a greater elimination of protozoa from these samples than from samples from the other ruminal sites may be supposed. The methodology used to isolate protozoa from the liquid phase did not allow complete recovery of protozoal mass in the respective sampling sites. Therefore, the meaningfulness of the total enzymatic activity measurements in the LAP is questionable, and only results of the specific activity of these microorganisms will be discussed in this paper.
Activities in the SAB of enzymes involved in forage degradation were maximal 1 h before feeding the animals for both diets and were significantly lower for Diet C than for Diet F (Tables 5 and 6 ). This decrease in fibrolytic activity of the solid-associated microorganisms in response to starch supplementation leads to the reduced ruminal degradation of plant cell walls (Nozière and Michalet-Doreau, 1997). The low rumi- nal pH characterizing Diet C and(or) the soluble carbohydrates released from degradation of barley may decrease activity of the fibrolytic activities of the SAB (Huhtanen and Khalili, 1992; Martin and Michalet-Doreau, 1995) . Differences in the fibrolytic specific activity of the SAB among the sampling sites in the rumen were not significant ( P > .1), but all fibrolytic enzyme activities (except for the a-Darabinofuranosidase of Diet F ) were systematically lower in the DS than in the others parts of the rumen, and lower in the VS than in the AS (Table 5 ). This tendency became significant ( P < .05, except for the b-D-xylosidase) when fibrolytic enzyme activities were expressed as total activity (i.e., in grams of DM of solid phase of ruminal contents; Table 6 ), and this may be explained by differences in bacterial colonization of the particulate matter among the three sampling sites. Microbial colonization of small particles increases as particle size decreases (Gerson et al., 1988) . In addition, the distribution of the feed particles according to their size varies markedly among the different anatomical sites in the rumen (Lechner-Doll et al., 1991) . The large particles (> 2 mm) fill the DS, and the smallest and densest particles (< .06 mm) are mostly found in the lower parts of the rumen. Smaller particles in the AS than in the VS were also observed. Cellulolytic bacteria are known to first attach to plant particles and then to produce enzymes that slowly degrade the plant cell wall structure. This delay in production of cellulolytic enzymes would induce a lag time between arrival of feed particles in the rumen and their optimal degradation. So, a greater fibrolytic activity was found on smaller and denser particles present in the rumen for a longer period of time. Results of Huhtanen et al. (1993) , who measured higher xylanase and carbox- Table 5 . Effect of rumen sampling site a on specific activities of carbohydrate-degrading enzymes in solid-associated bacteria a DS = dorsal sac; VS = ventral sac; AS = anterior sac. b Effect: ss = sampling site ( P < .1); T and t = sampling time ( P < .05 and .1, respectively); D and d = diet ( P < .05 and .1, respectively); SS.T = sampling site × sampling time interaction ( P < .05); SS.D = sampling site × diet interaction ( P < .05); D.T = diet × sampling time interaction ( P < .05). ymethylcellulase total activities on small (< .04 mm) than on large (> 3 mm) particle sizes, confirm this hypothesis. However, Bryant and Robinson (1968) estimated in vitro, by colony counts, higher numbers of bacteria per gram of DM ruminal contents in the DS than in the VS. But, the bacterial counts were carried out on samples of ruminal contents with no prior physical treatment to detach the microorganisms adhering to the plant particles. These results may, therefore, correspond to free bacteria in the liquid phase, and so they cannot strictly be compared with our results. The highest fibrolytic activities were found in the low parts of the rumen for the SAB and in the dorsal sac for the LAP. Total fibrolytic activities in the LAP peaked after feeding, at least for Diet C, and these activities were maximal at the end of the postprandial period in the SAB. These observations suggest a spatio-temporal complementary action of these two microbial populations in the hydrolysis of cell wall carbohydrates, at least with Diet C, for which the number of protozoa was highest. Protozoa seem to act within the first hours after feeding by attacking the freshly ingested particles found in the DS, and the adhering bacteria may be more active much later after feeding on the small particles in the low parts of the rumen. Irrespective of sampling site and time, fibrolytic activities of the SAB were generally greater than those of the LAP, confirming the importance of the firmly attached bacterial population in ruminal plant cell wall degradation (Williams et al., 1989; Martin et al., 1993) . The current mathematical models of ruminal digestion include a dietary compartment, with parameters describing the chemical composition of feeds and physical characteristics of particles as size and density, and an overall microbial compartment. Cheng and Costerton (1980) subdivided the ruminal microbial ecosystem into microorganisms free in the ruminal fluid, those associated with feed particles, and those associated with the rumen wall. Czerkawski (1986) subdivided the second population into those organisms firmly associated with particulate food (degradative compartment) and those more reversibly associated (shuttle compartment). Our results confirm that the particle-associated bacterial compartment is quite active in plant cell wall degradation, and they also show that the fibrolytic activity of this microbial compartment varies over time with respect to feeding and according to location within the reticulorumen.
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Implications
This study increased knowledge on the topographic distribution of the fibrolytic activity of the different ruminal microbial compartments. This aspect should be related to the spatio-temporal changes of the particles physical characteristics. These two aspects may help improve the mechanistic models of both retention time of digesta in the rumen and fermentation processes.
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